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SUMMARY 
D i f f u s i o n  lengths  and sur face recombination v e l o c i t i e s  were measured i n  
GaAs diodes and an InP f i n i s h e d  so la r  c e l l .  
charge c o l l e c t i o n  microscopy a l s o  known as e l e c t r o n  beam induced c u r r e n t  
(EBIC) .  The normal ized cur ren ts  and distances f rom t h e  pn j u n c t i o n  were 
read d i r e c t l y  f rom t h e  c a l i b r a t e d  curves obta ined w h i l e  us ing  t h e  l i n e  scan 
mode i n  an SEM. These values were then equated t o  i n t e g r a l  and i n f i n i t e  
se r ies  expressions r e s u l t i n g  f rom the s o l u t i o n  o f  t h e  d i f f u s i o n  equat ion w i t h  
both extended generat ion and p o i n t  generat ion func t ions .  This  expands p r e v i -  
ous work by examining both t h i n  and t h i c k  samples. The sur face recombinat ion 
v e l o c i t y  was e i t h e r  t r e a t e d  as an unknown i n  a system o f  two equations, o r  
measured d i r e c t l y  us ing  low e- beam acce le ra t i ng  vol tages. These techniques 
g i v e  accurate r e s u l t s  by account ing f o r  the  e f f e c t s  o f  sur face recombinat ion 
and t h e  f i n i t e  s i z e  o f  t h e  generat ion volume. 
The bas ic  technique used was 
W 
m 
I 
An accurate method t o  measure m ino r i t y  c a r r i e r  d i f f u s i o n  length  (L )  i s  
exremely impor tant  i n  111-V semiconductors. These promis ing and a l ready  
w ide ly  used ma te r ia l s  i n  photovo l ta ic  and t r a n s i s t o r  devices present  ser ious  
chal lenges i n  the  use o f  charge c o l l e c t i o n  t o  make q u a n t i t a t i v e  measurements. 
While t h e  d i f f u s i o n  lengths tend t o  be smal l ,  t h e  sur face recombinat ion ve loc-  
i t y  (S)  i s  u s u a l l y  q u i t e  la rge .  
I n  an i d e a l i z e d  case w i t h  p o i n t  generat ion o f  m i n o r i t y  c a r r i e r s ,  and zero 
surface recombinat ion v e l o c i t y ,  t he  co l l ec ted  cu r ren t  f o l l ows  a s imple exponen- 
t i a l  decay form: 
-x/L IC, = I o e  
where 
Io maximum c u r r e n t  c o l l e c t e d  PN j unc t i on  
L d i f f u s i o n  length  
x d is tance from PN j u n c t i o n  
which descr ibes the  v a r i a t i o n  o f  t h e  c o l l e c t e d  c u r r e n t  as an e l e c t r o n  beam 
impinges i n  t h e  v i c i n i t y  o f  a reg ion  w i t h  a nonzero e l e c t r i c  f i e l d  i n  a semi- 
conductor. 
However, f o r  cases where S >> 0, equat ion (1 )  does n o t  g i v e  accurate 
r e s u l t s .  Th is  i s  why i n  t h i s  work, the i n t e g r a l  s o l u t i o n  o f  t h e  two- 
dimensional d i f f u s i o n  equat ion has been used t o  e x t r a c t  t he  values o f  L i n  
t h i c k  samples (see f i g .  1, r e f .  1 ) :  
I where 
Z = 0.3 Re 
0 
Re a = -  - 
1 5  
LS 
II=F 
Re = e l e c t r o n  range 
D = d i f f u s i v i t y  
An extended generat ion f u n c t i o n  ( r e f .  2) i n  t h e  form o f  a t h r e e -  
dimensional Gaussian has been suggested as t h e  most appropr ia te  a n a l y t i c a l  
expression t o  s imulate t h e  reg ion  o f  i n t e r a c t i o n  o f  an e l e c t r o n  beam and a 
semiconductor, and i t  i s  inc luded i n  equat ion (2), as w e l l  as t h e  boundary 
cond i t ions :  
S 
% = A  
az D a t z = O ,  
a t x = O ,  q = O  
where q = excess ho le  o r  e l e c t r o n  dens i ty .  
Whi le the  above mentioned ana lys i s  i s  t he  most appropr ia te  t o  character-  
i z e  t h e  base o f  a s o l a r  c e l l ,  o f t e n  t imes i t  becomes d e s i r a b l e  t o  evaluate t h e  
e l e c t r i c a l  p roper t ies  o f  e p i t a x i a l l y  grown t h i n  f i l m s ,  t h a t  would even tua l l y  
be used f o r  photovo l ta ic  o r  o the r  devices i n  o rder  t o  op t im ize  m a t e r i a l  
growth. One then has t o  contend w i t h  a t h i r d  boundary cond i t i on :  
G = O  a t  x = d  
where d i s  t h e  th ickness o f  t h e  e p i l a y e r  and G i s  t h e  Green's f u n c t i o n  
requ i red  f o r  t h e  c a l c u l a t i o n  o f  t h e  c a r r i e r  c o l l e c t i o n  p r o b a b i l i t y .  
I 
This  cond i t ion  holds f o r  an ohmic contact ,  and t h e  c a r r i e r  c o l l e c t i o n  
probabi 1 i t y  becomes ( r e f .  1 ) : 
2 
where n=l 
v n =  ( k f + A )  2 1 / 2  
Two d i f f e r e n t  methods have been used here i n  o rder  t o  account f o r  t h e  
e f f e c t s  o f  t h e  sur face recombination ve loc i t y .  
( r e f .  3 ) :  
One o f  them uses t h e  r e s u l t  
- az In ' C C ~  - D (as E+O) ( 4 )  S - -  a 
z+o 
which a l lows a d i r e c t  determinat ion o f  t h e  va lue o f  S w h i l e  t h e  sample i s  i n  
the  SEM specimen chamber. Figures 2 and 3 show the  measured values o f  S/D f o r  
two o f  t h e  specimens t h a t  were used i n  t h i s  study. Using equat ion ( 4 )  t o  meas- 
u re  the  surface recombinat ion v e l o c i t y  requ i res  c a r e f u l  q u a n t i t a t i v e  handl ing 
o f  t h e  data.  Since i t  i s  assumed tha t  t he  decrease i n  t h e  c o l l e c t e d  cu r ren t  
w i l l  o n l y  be caused by a decrease i n  the acce le ra t i ng  p o t e n t i a l ,  one must make 
sure t h a t  t he  e' beam c u r r e n t  does not vary w i t h  acce le ra t i ng  p o t e n t i a l s ,  o r  
e l s e  measure i t  (Faraday cup method) t o  account f o r  it. Since both the  su r -  
face recombinat ion v e l o c i t y  and t h e  d i f f u s i o n  l eng th  can vary s p a t i a l l y  i n  a 
g iven sample, f i n d i n g  the  exact same spot where the  l i n e  scan mode was used 
can be d i f f i c u l t .  I n  a f i e l d  emission gun, t he  beam cu r ren t  does n o t  change 
s i g n i f i c a n t l y  w i t h  acce le ra t i ng  voltage, b u t  t he  emission cu r ren t  i s  unstable,  
so i t  must a l so  be monitored. 
The second method requ i res  a l i t t l e  more computer t i m e ,  b u t  i t  i s  recom- 
mended f o r  researchers wary o f  spending many hours i n  a dark SEM room. I f  one 
uses two d i f f e r e n t  acce le ra t i ng  po ten t i a l s  ( E l  and E2) f o r  t he  e lec t ron  beam 
impinging on the  semiconductor, both equations ( 2 )  and ( 3 )  can be w r i t t e n  i n  
schematic form: 
F igure  4 shows two exper imenta l ly  obtained charge c o l l e c t i o n  curves a t  
two d i f f e r e n t  p o t e n t i a l s .  If the  same x i s  used, and t h e  same spot  i s  used 
f o r  the l i n e  scan, both the  d i f f u s i o n  l eng th  and the sur face recombinat ion 
v e l o c i t y  w i l l  have t h e  same value a t  t h a t  p a r t i c u l a r  x ( t h e r e  i s  a very smal l  
v a r i a t i o n  i n  z ) .  Th is  a l lows the  treatment o f  equat ions ( 5 )  and ( 6 )  as two 
equat ions w i t h  two unknowns. The value o f  S can be obtained us ing an 
3 
i t e r a t i v e  process, where an i n i t i a l  value f o r  S i s  81guessed88. Hold ing S 
constant  i n  equation ( 5 ) ,  an L i s  found t h a t  s a t i s f i e s  t h e  cond i t i on :  
I((measured) - I ( ca l cu1a ted ) l  < to le rance  (7) 
This value f o r  L i s  then used i n  equat ion ( 6 ) ,  where S i s  now va r ied  t o  
s a t i s f y  equat ion ( 6 ) .  Th is  process i s  repeated u n t i l  an L and an S a re  
found which s a t i s f y  both equat ions ( 5 )  and ( 6 ) .  
computations used i n  t h e  s e m i - i n f i n i t e  sample approximat ion i n v o l v i n g  t h e  i n t e -  
g r a l  equat ion ( 2 )  has been g iven elsewhere ( r e f .  4 ) .  
A f l owchar t  f o r  t he  numerical  
F igure  5 i s  an e l e c t r o n  micrograph showing the  cross sec t i on  o f  a GaAs 
n/p/p+ diode w i th  a l i n e  scan o f  t he  c o l l e c t e d  cu r ren t .  Figures 6 and 7 show 
t h e  r e s u l t s  obtained f o r  a h i g h l y  doped GaAs base and f o r  an i r r a d i a t e d  InP 
s o l a r  c e l l .  
i t y  c a r r i e r  d i f f u s i o n  l eng th  and the  sur face recombinat ion v e l o c i t y  ( a t  t h e  
cleavage plane) f o r  two ep i l aye rs  t h a t  were grown us ing  MOCVD. 
Figures 8 and 9 show the  s p a t i a l  d i s t r i b u t i o n s  o f  both t h e  minor 
Low acce le ra t ing  vol tages (1 - 7 keV) were used i n  a l l  these measure- 
An e f f o r t  was made t o  keep the  e l e c t r o n  range as smal l  as poss ib le  ments. 
g iven  t h a t  the  generating f u n c t i o n  i s  s t i l l  j u s t  an approximat ion.  Ohmic con- 
t a c t s  were used with evaporated t h i n  f i l m s  o f  gold,  f o r  a l l  samples. I n  t h e  
e p i t a x i a l  samples, t h e  beam was scanned a long a l i n e  under a contact ,  so as t o  
ma in ta in  ohmic boundary cond i t ions  i n  the  f r o n t  o f  t h e  sample. A f a s t  respond- 
ing,  low no ise  and low i n p u t  impedance cu r ren t  a m p l i f i e r  was used. The ga in  
was c a l i b r a t e d  when the sur face recombinat ion v e l o c i t y  was measured us ing  equa- 
t i o n  ( 4 ) ,  leads were shielded, and t h e  SEM and c i r c u i t  grounds were separated 
from each o ther .  
Since equations ( 2 )  and ( 3 )  a r e  n o t  v a l i d  when considerable recombinat ion 
occurs w i t h i n  the dep le t i on  region, beam cu r ren ts  were measured the  bandgap 
dependent required i o n i z a t i o n  p o t e n t i a l s  ( r e f .  5)  were used t o  p r e d i c t  t he  mag- 
n i t u d e  o f  t he  currents  t h a t  should be c o l l e c t e d  a t  t he  j u n c t i o n .  F igure  10 
shows the  case of a poor j u n c t i o n  and an acceptable j u n c t i o n  w i t h i n  the  same 
sample ( t h e  i r r a d i a t e d  InP c e l l ) .  
I n  summary, accurate eva lua t ions  o f  d i f f u s i o n  lengths i n  t h i n  f i l m s  and 
i n  subst rates o f  h igh  q u a l i t y ,  h e a v i l y  doped and/or i r r a d i a t e d  111-V mate r ia l s  
have been made poss ib le  us ing t h e  exper imental  and numerical  techniques 
descr ibed here. 
N. Fatemi 's c o n t r i b u t i o n  i n  the  format ion o f  ohmic contacts  t o  t h e  GaAs 
diodes i s  very much appreciated. 
nology Center a t  Carnegie Mel lon U n i v e r s i t y  f o r  l e t t i n g  t h e i r  f i e l d  emission 
SEM be used f o r  p a r t  o f  t h i s  work and t o  S. Santhanam f o r  lend ing  h i s  exper- 
t i s e  i n  i t s  operat ion.  
We a re  a l s o  indebted t o  t h e  Magnetics Tech- 
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